The evolutions of the interfacial profile in the droplet formation process in a flow-focusing device were investigated. The understanding in how the interface profile evolves assists the accurate prediction of the moment of pinch-off and hence the precise control of the sizes of droplets. Two critical curvature values were discovered from experiments which represent the liquid thread detachment from walls and the onset of pinch-off during the formation process. The rate of curvature evolution depends on the flow-rate ratio between the two immiscible fluids and was modulated by acoustic actuation. Three distinct evolution regions were obtained which represent respectively the periods before and after the liquid thread detachment from walls and after the onset of pinch-off till final breakup. In a bounded fluid, the pinch off process is characterized by a series of equilibriums rather than the capillary instability in an unbounded fluid. In the case under acoustic actuation, the droplet formation process is accelerated; both the time till the liquid thread detachment from walls and the onset of pinchoff are speeded up. Phase-averaged two-phase micro-particle-image-velocimetry (μPIV) was applied to extract the oscillating fluid flow velocity fields in the two immiscible phases. Acoustic streaming flow fields were revealed in both the continuous and the dispersed phases. A periodic contracting and expanding flow field in the dispersed phase and a steady streaming flow field in the continuous phase were found. The steady streaming flow field in the continuous phase provides an additional driving force which helps to drive the continuous phase into the gutters between the walls of orifice and the liquid thread within the orifice. This additional flow facilitates the onset of breakup and thus smaller droplets are formed upon acoustic actuation. As compared with flow fields without acoustic actuation, droplet breakup is only affected by the flow-rate dependent shearing flows at the fluidfluid interface.
Introduction
Breakup mechanisms of droplet formation in flow-focusing devices vary in different droplet formation regimes (Anna et al., 2003; Garstecki et al., 2004; Garstecki et al., 2005; Anna and Mayer, 2006; Dollet et al., 2008; Nie et al., 2008) . In the squeezing regime, geometrical confinement stabilizes the liquid thread from breaking up by interfacial instability. The fluid of dispersed phase flows through the orifice and restricts the flow of the continuous phase into the orifice, thus causes a pressure build-up upstream of and within the orifice. This increase in pressure leads to the squeezing of the liquid thread and the collapse process is through a series of equilibrium states with minimal surface energy (quasi-static) as the collapse process is slow when compared with the relaxation of the interfacial energy (Garstecki et al., 2004; Garstecki et al., 2005; Anna and Mayer, 2006; Dollet et al., 2008) . The whole droplet formation process in this regime can generally be divided into three stages: the first stage is the advancement of the dispersed phase liquid thread into the orifice; the second stage is the inflation of the droplet downstream of the orifice and pressure build-up upstream occurs in this stage; the third stage starts from the onset of pinch-off of the liquid thread until the final breakup of the liquid thread. The third stage is characterized by a continuous decrease in the minimal width and a continuous increase in the curvature at the point of minimal width of the liquid thread. The third stage ends at the rapid unstable breakup of the liquid thread which makes negligible contribution to the volume of the droplet formed (Garstecki et al., 2004; Garstecki et al., 2005) . Hence, precise control in the volume of droplet is feasible when one understands why and how the interfacial profile evolves and the pinch-off is triggered.
van Steijn et al. (2009) suggested and proved in a T-junction that the onset of the pinch-off process is triggered by additional influx of the continuous phase through the gutters around the dispersed phase; this influx depends on the entire shape of the fluid-fluid interface during the whole formation process (van Steijn et al., 2009; van Steijn et al., 2010; Wong et al., 1995) . In addition, the reverse flow of the continuous phase around the liquid thread determines the time at which the rapid collapse occurs. This reverse flow depends on the curvature of the tip of the thread. Hence, the flow of the continuous phase flowing into the gutters around the liquid thread and the shape of the fluid-fluid interface near and within the orifice are key parameters on affecting the onset of pinch-off. Regarding a flow-focusing device, there are several groups of researchers who have demonstrated the analysis of the evolution of the minimal width and curvature at the point of minimal width of liquid thread during the third stage of the whole droplet formation process (Garstecki et al., 2005; Dollet et al., 2008; van Hoeve et al., 2011) . However, because the time span of this stage is short and thus only make little contribution to the whole formation process. Specifically, when the pinch-off process is acoustically triggered, the interfacial dynamics of droplet pinch-off processes is even more complex and not well understood. Hence, to get more understanding of the physical mechanism on how the interfacial profile evolves and onset is triggered till the final breakup in a flow-focusing device it is the aim of this paper to investigate the evolution of the shape of the interfacial profile, in terms of curvature, near and within the orifice. The evolution of the shape of the interfacial profile is quantified by introducing and tracing the maximum curvature |κ| max along the fluid-fluid interface near and within the orifice. Under active control of pinchoff processes using a piezoelectric actuator, it is found that a periodic change on the interfacial curvature that triggered the droplet formation dynamically.
Multiphase flow measurements that aim to reveal the flow fields of multiple immiscible fluids are important to understand the flow interaction between the immiscible fluids. Uemura and Yamauchi (2001) investigated the shearing conditions at the interface of a water droplet falling in a medium of silicone oil. A new illumination technique and a telecentric lens were applied for measuring the velocity distribution in the near region of the interface and the distribution of shear stress was compared with analytical solution. Ninomiya and Takanashi (2009) studied the flow interaction between two falling droplets with the refractive index matching technique. Velocity distributions under different flow conditions were revealed simultaneously. Kinoshita et al. (2007) carried out the confocal threedimensional μPIV measurement for the internal flow of a moving droplet in a microchannel. Oishi et al. (2009 Oishi et al. ( , 2010 Oishi et al. ( , 2011 carried out the multicolor confocal μPIV measurement for the process of droplet formation in a T-shaped micro-junction and for a moving droplet flowing in a microchannel; the confocal system can measure multiphase flow separately and simultaneously. Successful seeding of fluorescent particles in the two immiscible fluids is of prime importance for multiphase μPIV measurement. In this paper, we attempt to measure the flow fields of the two immiscible fluids separately in a flow-focusing device during droplet formation under acoustic actuation. Velocity measurement under pulsating flow condition is more difficult than in steady state (Nabavi and Siddiqui, 2010) . Hence, few papers regarding the PIV measurement in oscillating environment are published. Tho et al. (2007) investigated the cavitation microstreaming pattern with μPIV for the flow field around a single and two oscillating bubbles. Zenit and Magnaudet (2009) applied PIV for measuring the streamwise vorticity in the wake of an oscillating bubble. Simultaneous measurement may require the synchronization of the actuation signal and the image capturing signal (Nabavi et al., 2007 (Nabavi et al., , 2008 . In addition, periodic flow fields require the application of phase-averaged technique to reveal the organized motion of the flow fields (Kim and Yoo, 2006; Reynolds and Hussain, 1972; Tsai et al., 2007) ; hence, in this paper, the phase-averaged acoustic streaming flow fields are resolved for the two immiscible phases.
Experimental Setup
The flow-focusing device under investigation is fabricated with soft-lithography technique (McDonald et al., 2000) 
Results and Discussions
In the case under acoustic actuation, Qiu (2010, 2011) have shown in the preliminary investigations that the droplet size will be affected by the flow rates, acoustic frequency and amplitude. The two parity diagrams for the correlation of flow rates, acoustic frequencies and signal amplitudes are shown in Figures 3 and 4 In this case, flow structure within the dispersed phase becomes stratified and consists of two zones: one is the shearing flow near the fluid-fluid interface and another one is the acoustic streaming flow in the inner portion of the dispersed phase, with a vortex pair as shown, induced by the acoustic actuation (Riley, 2001 ). The acoustic streaming flow is strengthened at higher frequency relative to the shearing flow near the fluid-fluid interface as indicated by the change in the relative velocity magnitudes in the two zones for the 300 Hz case as shown in Figure 5 . Figure 6 (c), γ is the interfacial tension; n and n' are unit normal vectors at the interface; T S and T S ' are the stress tensors in oil and water respectively; u and u' are fluid velocities in oil and water respectively. To reveal the periodicity of this vibration motion, the extracted boundary values are first fitted to a parabolic function f(x) = ax 2 +bx+c by least-squares method. The maximum change of slope |d 2 y/dx 2 | max along the interface is then calculated based on the fitted curve and the evolution of this value for the cases of 250 Hz and 500 Hz acoustic actuation are plotted in Figure 7 (a). Phase diagrams indicating the vibrating motion of the interface within one actuation cycle is shown in Figure 7 (b). In Figure 7 (a), it is clearly shown that the frequencies of the interfacial vibration motion are the same as that of the applied acoustic signals, which are 250 Hz and 500 Hz. According to the previous discussion, the whole droplet formation process in the squeezing regime is characterized by a series of equilibrium states with minimal surface energy (quasi-static) as the collapse process is slow when compared with the relaxation of the interfacial energy. For two static fluids at an interface, the change in the pressure difference ∆p across the fluid-fluid interface can be related to the curvature κ of the interface by the Young-Laplace equation: ∆p = -γκ, where γ is the interfacial tension.
However, for a flow-focusing system, the Young-Laplace equation is not adequate. Figure 1(d) shows the configurations at the oil-water interface for oil with velocity u and water with velocity u'. The stress balance at the interface is given by '
where n is the unit normal at the interface, T S and T S ' are the stress tensors in oil and water, respectively. Since the interfacial profile is shaped by the normal stress at the interface, from the stress balance equation, the normal stress balance at the interface is given by Hence, the evolution of the interfacial curvature provides the insight of the dynamic stress balance across the interface over time. Using the recorded transient images, the value of the absolute maximum curvature |κ| max of the interfacial profile can be calculated by equation (1) 
The evolutions of |κ| max for three flow-rate combinations are shown in Figure 8 . Figure 8(a) shows the evolutions of |κ| max without acoustic actuation, where A is the period from the time just after the end of the last breakup process, t = 0 ms, (phase diagram I as in Figure 8 (a)) to the full penetration of the liquid thread into the orifice (phase diagram II as in Figure 8(a) ). The comparison between three different flow-rates of the continuous phase shows that the value of |κ| max decreases gradually first until the liquid thread detaches from the walls of the orifice (indicated by arrow and phase diagram III) and then with a steeper slope until it reaches the lowest |κ| max value (phase diagram IV). The value of |κ| max then increases rapidly until the final breakup (phase diagram V). The decrease in the |κ| max value over time is due to the quasi-static interfacial stress balance between the dispersed and the continuous phases. Such a process mainly depends on the flow-rate ratio between the two immiscible fluids as described by previous experiments which aim at finding a relationship between the droplet size and the flow-rate ratio (Nie et al., 2008; Ward et al., 2005; Cubaud et al., 2005; Garstecki et al., 2006) . In Figure 8 (a), it is also found that the threshold of the interfacial curvature becomes higher for higher flow-rate of the continuous phase. Therefore, there should be two critical values of |κ| max that govern the liquid thread detachment from walls and the onset of pinch-off for a particular flow-focusing device. For cases under acoustic actuation, Figure 3 (b) shows the comparison of the evolutions of the curvatures for the same flow-rate ratio under different acoustic actuation conditions. All the curves follow a similar rate of evolution of |κ| max at the early stage before the onset of pinch-off as the evolution of |κ| max mainly depends on the flow-rate ratio between the two immiscible fluids. However the onset of pinch-off is shown to be triggered at an earlier time for the cases with acoustic actuation (indicated by arrows as the onset of pinch-off). This is because, the curvature undergoes a periodic oscillation for the cases under acoustic actuation and the amplitude of the oscillation exaggerates when the time approaches the onset of pinchoff. The vibrating interface is caused by the acoustic streaming force generated within the Stokes layer in which the size of the Stokes layer δ is given by equation (2) (Batchelor, 1973) ,
where ρ is the density of the fluid and ω is the angular frequency of the acoustic actuation. For water at 20 o C, viscosity of water = 1 mPa•s, density of water = 1000 kg/m 3 and frequency of acoustic actuation at 500 Hz, the size of Stokes layer calculated is δ ≈ 159 μm, which is comparable to the width and depth of the microchannel. By then, Reynolds' decomposition can be applied to the velocity component u and u u u+ = , where u is the global-averaged component and ũ is the periodic component. The stress tensor at the interface can be further decomposed into
Τwo-phase μPIV experiments were also conducted with an intensified high-speed camera (Ultracam3, Phantom ® , OPELCO Co.) for the case under acoustic actuation. The use of intensified camera for the case under acoustic actuation is due to the high frame rate requirement with high speed flow. The device configuration is shown in Figure 9 . Mineral oil (M5904, Sigma-Aldrich Co.) and D.I. water were used for the continuous phase and the dispersed phase respectively. Dry fluorescent particles (green) were used for doping into the oil phase; in order to enhance the dispersion of particles, trace amount of surfactant, ~ 0.2 % by weight of Span TM 80 (S6760, SIGMA-ALDRICH ® ), was added to the oil phase together with ~ 1.8 % by weight of green fluorescent particles. ~ 7 -9 % by weight of aqueous solution of red fluorescent particles were added to D.I. water. Properties of the fluorescent particles are shown in Tables 1 and 2 . A PDMS microfluidic device with the same geometries as shown in Figure 1 instead of a cross-junction angle of θ = 135 o was used. Light from the green and red fluorescent particles could be captured simultaneously. High-speed intensified camera with a framing rate of 2000 fps was applied in pulsed mode for capturing the images for the continuous phase and the dispersed phase separately; the flow rates of the continuous phase and the dispersed phase were Q c = 5 μl/hr and Q d = 5.5 μl/hr respectively. Cross-correlation was calculated with a commercial PIV software (DaVis 6.2, LaVision Co.) based on the captured images. A multi-pass with decreasing interrogation window size was adopted with one initial iteration for interrogation window size of 16 × 16 pixel 2 and finally one iteration for window size of 12 × 12 pixel 2 . In addition, 50% window overlap was adopted. Since the acoustic actuation was applied at 300 V P-P and 200 Hz, a total of 10 phases were resulted. 15 image pairs were used for phase-averaging calculation. The resultant velocity vector fields are shown in Figures 9 and 10. Firefli fluorescent red (542 / 612 nm) Nominal mean diameter, μm 3, < 5% size uniformity Phase-averaged acoustic streaming flow fields for oil and water are shown in Figures 9 and 10 respectively. As shown in Figure 9 , a steady streaming vortical flow is observed in the oil phase near the liquid-liquid interface. Such a streaming flow is due to the boundary induced acoustic streaming; this streaming flow superimposes on the oil main flow to provide stable flow regulation in the oil phase. Flow-rate of oil through the orifice depends on the pressure drop over the oil thin films (gutters) within the orifice. For cases without acoustic actuation, the pressure build-up upstream of the orifice displaces the liquid-liquid interface until the liquid thread detaches from the walls of orifice which follows the rapid unstable breakup of the thread. Hence, the streaming vortical flow provides an additional driving force which enhances the oil to flow through the gutters of the orifice. Figure 10 shows the vortical flow due to boundary induced acoustic streaming in the dispersed phase. The periodic expanding and contracting motion of the fluid-fluid interface causes a change in the curvature of the interface. The fluid flows for the two immiscible fluids are opposite in direction near the interface and the forward flowing oil phase near the interface facilitates the detachment of the liquid thread from the walls of orifice. As a comparison among the figures in Figure 9 , the magnitudes of the streaming flow in the oil phase for all phases are relatively the same. 
Conclusions
In conclusion, we have demonstrated that there are two critical curvature values that determine the detachment of liquid thread from walls of orifice and the onset of pinch-off in a flow-focusing device with/without acoustic actuation. The rate of evolution of the interfacial curvature depends mainly on the flow-rates of the two immiscible fluids and the flow through the thin oil film at the orifice. The droplet formation process can be affected with the application of a periodic interfacial vibration motion. It is shown that the vibration motion reduces the time for triggering the onset of pinch-off as the vibrating interface hinders the process of relaxation of interfacial energy and thus the pinch-off of the liquid thread is easier to be triggered. It is crucial to understand how and when pinch-off occurs in a flow-focusing device under acoustic actuation to precisely control the pinch-off process so that the control of droplet size formation can be realized.
A two-phase μPIV measurement was carried out which aim at revealing the flow fields in the two immiscible phases in a flow-focusing device under the effect of acoustic actuation. Intensified highspeed camera was used due to the high frame rate requirement. Fluorescent particles with surfactants were dispersed in both phases for fluorescent imaging. Phase-averaging was carried out for reducing the background noise and to obtain all the phases during one acoustic actuation cycle. Results indicate that there is a steady streaming flow field due to boundary induced acoustic streaming near the liquid-liquid interface of the continuous phase. This streaming flow serves as an additional driving force which enhances the flow of oil into the gutters within the orifice. In addition, flow directions near the interface are opposite for the two immiscible phases and the forward flowing oil phase facilitates the detachment of liquid thread from the walls of orifice.
